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In Brief
Li et al. report technical solutions to achieve long-term stable two-photon imaging with genetically encoded indicators in awake macaque monkeys. This will enable the use of genetic and molecular tools in the study of higher cognitive function.
INTRODUCTION
Advances in two-photon imaging enable neural activity of populations in local regions of cortex to be monitored, providing a new vista to information processing of large populations of neurons at single-cell (Andermann et al., 2010; Denk et al., 1990; Dombeck et al., 2007; Nauhaus et al., 2012; Ohki et al., 2005; Stosiek et al., 2003) and dendritic resolution (Grutzendler et al., 2002; Helmchen et al., 1999; Jia et al., 2010; Wickersham et al., 2007; Yuste and Denk, 1995) . Macaque monkeys are similar to humans in many aspects of behavior, brain structure, and function. Thus, they are good animal models for human neurological diseases, as well as for visual cognition and other higher-order cognitive functions (Desimone et al., 1984; Gross et al., 1972; Hubel and Wiesel, 1968; Tanaka et al., 1991) . Monitoring activity within large neural populations at single-cell and dendritic resolution under behavioral conditions in awake monkeys is therefore critical to study the neural basis of higher cognitive function. Traditional optical imaging techniques including intrinsic optical imaging (IOS; Chen et al., 2002) , voltage-sensitive dye imaging (VSD; Arieli et al., 2002) , or optical calcium imaging with genetically coded calcium indicators (GCaMP6; Seidemann et al., 2016) only capture diffused images of large neuronal population without being able to discriminate individual neurons and layers. Significant efforts have been made toward twophoton imaging in awake monkeys (Heider et al., 2010; Sadakane et al., 2015; Santisakultarm et al., 2016; Yamahachi et al., 2009) . Three key technical challenges have made it difficult to achieve long-term stable two-photon imaging in awake monkeys thus far: (1) fast membrane regeneration that prevented long-term high-quality optical access; (2) large brain movements in awake behaving monkeys; and (3) poor yield and labeling of genetically encoded indicators in macaque monkeys long term.
We solve these technical challenges to achieve long-term twophoton imaging of large neuron populations infected with the virally introduced genetically coded indicators in area V1 in awake macaque monkeys. A new design combining the use of a glass coverslip optical window and an artificial dura membrane insulating the window chamber and the dura tissues allow us to maintain a clean imaging window for months. We experimented with a variety of AAV-induced genetically encoded indicators, including GCaMP5G (Akerboom et al., 2012) and GCaMP6s (Chen et al., 2013) , and achieved long-term stable expression of certain indicators in macaque cortical neurons. We have developed reinforced head restraints to stabilize two-photon imaging under awake behaving conditions and used correlation based algorithms to remove the residual movement artifacts resulted from head or tissue movement. Combined together, these advances enable long-term stable two-photon imaging in awake monkeys. Additionally, we performed simultaneous electrophysiology studies under two-photon imaging with microelectrodes penetrating through the micro-pores in the glass imaging window. Extra-and intra-cellular recordings verified the linear relationship between calcium fluorescence signal and neural spiking activity within a wide physiologically relevant range (10 Hz-150 Hz). This technique also allows us to perform high-resolution dendritic imaging of sparsely labeled neurons. Our successful demonstration of long-term stable two-photon imaging in the visual cortex of awake primates will facilitate the application of molecular and genetic tools in the study of higher cognitive function.
RESULTS

Optical Window for Long-Term Two-Photon Imaging in Awake Monkey
The preparation for long-term imaging involves two surgical steps. The first being the injection of AAV virus and the second being the implantation of the imaging window 45 days later. Two-Step Operational Schema Both surgeries were performed under general anesthesia and strictly sterile conditions. In the first surgery, a craniotomy was performed. The dura was opened to expose the cortex for AAV injections. A micro-injection of 50-100 nL high title AAV virus (around 10 13 ) could infect a 800-1,000 mm cortical region in macaque monkey. After AAV injection, we sutured the dura, put back the skull cap and fixed it with titanium lugs and screws, sutured the scalp, and returned the animal back to the cage for recovery. Since the infection of AAV and the expression of GCaMP5 indicators in monkeys are slower than in rodents, a long recovery period (>1.5 months) was observed to allow neurons to be gradually infected and that GCaMP5 indicators to fully express for imaging (Yamahachi et al., 2009) . After the recovery period, a second surgery for implantations of head-posts and imaging window was performed as described in more detail in the STAR Methods section. Optical Window Figure 1 shows the design of our optical window with several key features: (1) the dura was reflected and a glass coverslip was placed directly on top of the cortical tissue; (2) dura tissue infiltration into the chamber was prevented by a ring-shaped GOREmembrane (W.L. Gore and Associates) around the optical window and between the dura and the cortex, which was critical (A) Photograph of the optical chamber before implantation, which is composed of a titanium ring mounted with the white ring-shape GORE-membrane (20 mm in outer diameter). (B) A coverslip (8 mm in diameter and 0.17-0.2 mm in thickness) was fitted to the titanium ring and then gently pressed down onto the cortical surface. The GORE membrane was tucked under the dura to prevent dura tissue infiltration into the chamber. Dental acrylic was filled between the titanium ring and the skull to support the imaging chamber. (C) Photograph of the cortex through the optical window demonstrates the clarity of the optical access, which can be maintained for months.
for maintaining a clear and clean window enabling imaging across months (Figure 1) . In our design, there is only one thin glass coverslip between objective and cortical surface, which provides high-quality light pathway for two-photon imaging. A titanium ring provides a structure for supporting the coverslip on one side and for connecting the ring-shape GORE membrane on the other side (Figure 1 ). The space between the titanium ring and the skull was filled with dental acrylic to form an imaging chamber. The bank of the imaging chamber has a slope of less than 45 to match the angle of objective ( Figure 1B ). This optical window design provides an imaging field of view close to 8 mm in diameter. The cortical surface can be kept clean for months with a pure glass material interface to ensure continuous high-quality optical access to the cortex ( Figure 1C) .
The dura membrane of macaque monkeys has strong regenerative ability subsequent to injury (Arieli et al., 2002; Chen et al., 2002; Yamahachi et al., 2009) . The optical quality of imaging window is one of the most critical factors for successful twophoton imaging (Helmchen and Denk, 2005) . A thin layer of regenerated membrane less than 0.1 mm thick could cause light dispersion, compromising the optical quality. We mounted a ring-shape GORE-membrane around the titanium ring and inserted it between the dura and the cortical surface. This measure provided an effective barricade to prevent regenerative tissue from infiltrating into the imaging field (Arieli et al., 2002; Chen et al., 2002) . However, membrane hyperplasia may still occur after several months. When this happens, the glass-clip is opened and the hyperplasia membrane is removed. A new glass coverslip is reinstalled and glued in to form a new imaging window. In our design, the silicon glue around the glass-clip edge can be removed to replace the glass coverslip.
Two-Photon Imaging and Long-Term Expression of Genetically Encoded Indicators in Monkey Cortex
The fluorescence of GCaMP5 or other indicators can be observed under normal fluorescence microscope after 45 days after the AAV injection (Figure 2A ). Under a two-photon microscope (Ultima IV, Bruker Nano, FMBU, formerly Prairie Technologies) with a 163 objective (0.8 N.A., Nikon), as many as 1,908 infected neurons can be clearly identified within a single optical section of a 850 mm 3 850 mm field in a depth of 180 mm ( Figures 2B, 2C , and S1 and Movie S1). The expression of indicators in monkey cortical neurons was stable. In a typical case from monkey A, 90% of the individual cells expressing GCaMP5G could be tracked based on their relative spatial locations and the shapes in the static images across months ( Figures 3A and 3B) .
We also examined other calcium indictors delivered by the AAVs. For example, the GCaMP6s (Chen et al., 2013) expresses well in macaque cortical neurons following micro-injections of AAV1.Syn.GCaMP6s.WPRE.SV40 in visual cortex.
Image Movement Correction
A serious challenge for two-photon imaging in awake monkeys is the relatively large movement of cortical tissue during imaging, compared to that in rodents, either as a result of head movement during behavior, or movement of the cortex caused by heartbeats and breathing. In our optical window design, the space between cortical surface and glass coverslip was very narrow, typically less than 50 mm, which could be measured by the z axis focusing mechanism. Thus, z axis movements were minuscule (less than 2 mm) and did not adversely affect the imaging quality. However, the coverslip did not restrain the lateral movement of the cortex along x-y plane, which could be as large as 10 mm. Additionally, there was slow lateral drift of the cortex along x-y plane during hours of recording. Such slow movement could add up to be as large as 50 mm over time. To remove these motion artifacts, we performed x-y correction using a 2D crosscorrelation algorithm. We first computed a template by averaging over 1,000 frames in the middle of the session ( Figures  4A and 4B ). We then aligned every frame to this averaged template frame by 2D cross-correlation ( Figure 4C ). This correction removed all the x-y movements that were less than 30 mm (Figures 4D and 4E) . It was accurate enough to allow visualization of dendrites one pixel wide in the images ( Figure 4E ).
Robust Visual Responses of Imaged Neurons
V1 neurons' calcium signals in response to visual stimuli were recorded while the monkeys performed a simple eye fixation task. (B) An example frame of an 850 3 850 mm two-photon imaging area, in V1 superficial layer (180 mm depth), expanded from the white box in (A), under a 163 objective. About 2,000 neurons could be clearly identified and stably monitored for many months. See also Figure S1 for a zoom-in image. (C) Multi-layer two-photon images from the surface down to 600 mm depth. See also Movie S1.
In each trial, the monkeys maintained eye fixation for at least 2 s to get a juice reward. During each fixation, a blank screen was presented for 1 s, followed by a visual stimulus for another second. We tested the neurons' calcium signals to drifting orientation gratings. We found robust responses among population of neurons (Figures 5A-5D and S2). Consistent with previous studies (Bonhoeffer and Grinvald, 1991; Ohki et al., 2005) , these neurons formed orientation-tuned spatial clusters of orientation columns ( Figure 5E and Movie S2). These robust visual responses of infected neurons were maintained for months (>53 days in monkey A and >85 days in monkey B, respectively, Figures 5F-5K and S2). We found 1,681 cells responded to orientation grating stimuli (88%, among 1,908 infected cells, p < 0.01, ANOVA across blank and 6 orientations) within a single optical section of an 850 mm 3 850 mm field in monkey A. Among these responsive neurons, there were 1,227 neurons tuned to orientation and/or direction (73%, p < 0.01, ANOVA across 12 directions). Monkey B has 967 cells responded to orientation grating stimuli (96%, among 1,004) and 821 cells (85%) tuned to orientation and/or direction. The measured orientation tunings of V1 superficial layer neurons ( Figure S3 ) were consistent with those from early extracellular recording studies (Ringach et al., 2002; Schiller et al., 1976) .
Simultaneously Electrophysiological Studies and TwoPhoton Imaging in Awake Monkey
Micro-pores, as small as 100 mm in diameter, were drilled through the imaging glass coverslip with a high-speed dental drill ( Figure S4 ) to allow simultaneous micro-electrode recordings under two-photon imaging in awake monkeys. We used sharp electrodes with very thin and long tips ( Figure S5 ) to obtain stable intracellular recordings on AAV-GCaMP-infected cells ( Figure 6A ). To investigate the relationship between calcium signals and spiking activities of a neuron, we injected current to induce action potentials while the calcium signal of target neuron was simultaneously monitored with a two-photon microscope. We found that the fluorescence activity indicated by GCaMP5 was linearly proportional to neuronal spiking activity across a wide range of firing rates, from 10 Hz to 150 Hz ( Figures 6E-6I) . We also performed single-unit extracellular recording under two-photon imaging and obtained similar results (Figure S6) . Notably, the latest generation of GCaMPs (GCaMP6f or 6 s) were reported to have higher sensitivity but more nonlinear, with a narrower linear dynamic firing rate range (<60 Hz, Chen et al., 2013) .
Sparse Labeling and Dendritic Imaging in Awake Monkeys
To perform high-resolution dendritic imaging in awake monkeys, we sparsely labeled neurons by mixture injections of very low concentration of AAV1.hSyn.Cre.WPRE.hGH and AAVSyn-Flex induced indicators (Xu et al., 2012) including AAV1.CAG.Flex.GCaMP6s ( Figures 7A and 7B , and Movie S3 from monkey D) or AAV1.CAG.Flex.tdTomato ( Figure 7C , from monkey C). In addition, we were also able to deliver DNAs into target cells by single-cell electroporation under two-photon imaging and perform high-resolution dendritic imaging on those labeled neurons ( Figure 7D ).
DISCUSSION
In this paper, we reported solutions to resolve the main technical challenges to achieve the first successful long-term two-photon imaging in awake behaving monkeys. The newly designed optical window allowed high-quality optical access to the macaque cortex. The artificial membrane around the optical window prevented membrane regeneration and blocked dura membrane infiltration into the imaging window, establishing excellent optical access for long-term stable imaging. Simultaneous electrophysiological studies could be performed through the micropores drilled into the optical window. A variety of genetically encoded indicators induced by AAVs or delivered by single-cell 1,000 ) and the template shows that the individual frame has shifts in x-y plane (dx = 2, dy = 4) relative to the template. This individual frame (frame No. 1,000) should be corrected with negative shifts of this amount to align with the template. All the frames are aligned to the template in the same manner. (D) The averaged frame of 250,000 frames in a session before correction. (E) The average of the same 250,000 individual frames after alignment correction. The realignment was accurate enough to allow dendrites of one pixel in width be discernible in the images.
electroporation were screened to identify candidates for efficient expression in macaque monkey cortical neurons for twophoton imaging of neuronal population or dendritic activities.
The Choice of Interface Material
In earlier long-term optical imaging and two-photon imaging studies in awake macaque monkeys, soft membrane made from silicone or similar materials, presumably with a high degree of biocompatibility, were used (Arieli et al., 2002; Chen et al., 2002; Ruiz et al., 2013; Yamahachi et al., 2009 ). These flexible membranes cannot prevent the jumpy movements of the cortex due to heartbeats or breathing, thus additional supports such as a glass plate was sometime needed to cover the artificial dura (Yamahachi et al., 2009 ). Alternatively, agar was often introduced to fill the space between artificial dura and objective to improve stabilization (Heider et al., 2010) . These two measures however tend to compromise the optical quality of the imaging window. In this study, we found the glass material is sufficiently biocompatible to be directly mounted on the cortical surface of macaque monkeys. We used only a thin glass coverslip as the optical interface, while using the soft artificial dura membrane around the edge of the optical window to prevent the infiltration of regenerated dura membrane tissue under the optical window. This artificial dura membrane does not have to be optically transparent as it is not in the way of imaging pathway. A clinical grade GORE-membrane with verified biocompatibility was chosen to provide an artificial barrier to prevent dura membrane regeneration without inducing any rejection or biological reaction. This design is critical to our stable and clear imaging over many months.
While the glass material is hard, micro-pores can be drilled on the coverslip by a PCB (Printed Circuit Board) via drill with a highspeed dental drilling machine ( Figure S4 ). These micro-pores allow penetration of micro-electrodes for simultaneous electrophysiology studies including extra-and intracellular recordings or single-cell electroporations under two-photon imaging. 
The Expression of Genetically Encoded Indicators Induced by AAVs in Macaque Monkeys
We found AAV2/1 serotype with hSyn, Syn, or CAG promoters could be used to efficiently deliver different kinds of indicators including GCaMP5G, GCaMP6s, and tdTomoto. Previously, it was suggested that AAV5 might be effective in macaque monkey cortex infection (Colle et al., 2010; Diester et al., 2011; Nassi et al., 2015; Ruiz et al., 2013) . Surprisingly, we have tested the AAV5.hSyn. GCaMP5G.WPRE.SV40 in one monkey and found it failed to infect macaque cortical neurons.
Resolving Cortical Movement Issues in Two-Photon Imaging of Awake Behaving Macaque Monkeys
We designed three points head fixation and T-shape frame to enhance the mechanical strength of head fixation and to minimize the movement of the cortical tissues during imaging. Our design of imaging window, with the glass coverslip pressing lightly to the cortical surface, provided an additional effective constraint that stabilizes cortical tissue along the z axis. We used image processing technique based on crosscorrelation to remove the remaining movement artifacts due to head movement during behaviors, heart beats, and breathing. With these efforts, we were able to perform stable two-photon calcium imaging of neuronal activity in awake monkeys.
Intracellular Recording in Awake Macaque Monkeys
In addition, using sharp electrodes with long and thin tips that can move together with cortical tissue (Figure S5 ), we were able to perform stable intracellular recordings in awake monkeys. This technique creates the opportunity to investigate sub-threshold activity of individual neurons, delivering specific molecules into single neurons, and potentially mapping neuronal connections in awake monkeys.
Technical Outlook and Applications
Macaque monkeys are widely used as animal models for studying higher cognitive functions as their brain structures and functions are close to those of human beings. To better understand the neural mechanism underlying cognitive functions, we need to probe both the activities and the connections of neuronal population during cognitive behaviors. Currently, technical limitations prevent the wide use of modern imaging methods and genetic tools, such as that of two-photon imaging and genetically encoded indicators in macaque monkeys. Most of our current understandings of higher cognitions came mainly from single-unit recording studies. Imaging methods, especially large-scale two-photon imaging, allow simultaneous monitoring of large neuronal populations at single-cell resolution and even at dendritic and single spine resolution,. This provides the opportunity to study ensemble population codes and computation on the one hand and detailed dendritic computation on the other. The long-term and stable expression of the genetically encoded indicator allows longterm chronic studies on the neuronal codes and circuits underlying various cognitive behaviors. Our technological solutions establishes the feasibility of long-term two-photon imaging of neocortical neurons in awake behaving monkeys using genetic tools, which can be applied to investigate molecule and circuits mechanism of higher cognitive functions in different cortical areas under a variety behavioral conditions.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author Shiming Tang (tangshm@pku.edu.cn).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Macaque monkey
The rhesus monkeys were purchased from Beijing Prima Biotech and housed at Peking University Laboratory Animal Center. The study used four health adult male monkeys, 4 -5 years of age and weighing 5 -7 kg. The allocation of animals can be found within Table S1 . All experimental protocols were approved by the Peking University Animal Care and Use Committee.
METHOD DETAILS
Surgery procedures and implantation of the optical window Two sequential surgeries were performed on each animal under general anesthesia and strictly sterile conditions. In the first surgery, a 16-mm diameter craniotomy was performed in the skull over V1, V2 or V4. The dura was opened to expose the cortex, into which 50-100 nL AAV1.hSynap.GCaMP5G.WPRE.SV40 (AV-1-PV2478, titer 2.37e13 (GC/ml), Penn Vector Core) or other AAVs was pressure-injected at a depth of $500 mm. To prevent the brain swelling during surgery, we increased the tidal volume to drive down the exhalation CO2 pressure to near 30 mmHg from the normal 40-45 mmHg. In some cases, we also performed intravenous administration of mannitol (50mL, one drop per 2 -3 s), when the first measure was not sufficient to prevent brain swelling. Removing the supporting block under the animal chest can also reduce the body pressure and thus release intracranial pressure. After AAV injection, the dura were sutured, the skull cap was placed back, fixed with three titanium lugs and six screws, and the scalp was sutured over it. Then the animal was returned to its cage for recovery. Antibiotic (Ceftriaxone sodium, Youcare Pharmaceutical Group Co. Ltd., China) was administered for one week.
After 45 days, a second surgery was performed, in which three head-posts (see Figure S7A ) were implanted on each animal's skull, two on the forehead and one on the back of the head. A T-shaped steel frame (see Figure S7B ) was connected to these head-posts for head stabilization in later imaging. The skull and dura were opened to expose the cortex again. A glass coverslip (diameter 8 mm and thickness 0.17 mm) was glued in a titanium ring with silicone adhesive (KN-300X, Kanglibang, China). A ring-shape GORE membrane (with 11 mm inner diameter and 20 mm outer diameter) was mounted onto the titanium ring to form a window unit. Then this window unit was gently pushed down onto the cortical surface. The GORE membrane was inserted under the dura ( Figure 1B) . The titanium ring was glued with skull with dental acrylic to form an imaging chamber ( Figure 1B) . The whole chamber (formed by thick dental acrylic) was covered by a steel shell to prevent breakage of the coverslip when the animal was returned to the home cage. REAGENT Sometimes, tissue regeneration and infiltration could still happened inside the imaging chamber. When that happened, we removed the glass coverslip by first carefully removing the silicon glue between glass-clip and titanium ring with a sharp needle and then detach the glass coverslip from the chamber. A new glass coverslip would then be installed inside the titanium ring and fixed with silicon glue after the regenerated tissues was surgically removed. A glass-clip with micro pores could be installed for electrophysiology studies.
Behavioral task
Each monkey was seated in a primate chair with head restraint and performed a fixation task, which involved fixating a small white spot (0.1 ) within a window of 1 for over 2 s to obtain a juice reward. Eye position was monitored with an infrared eye-tracking system (ISCAN) at 120 Hz.
Visual stimuli
Visual stimuli were generated using the ViSaGe system (Cambridge Research Systems) and displayed on a 17'' LCD monitor (Acer V173, 80Hz refresh rate) positioned 45 cm from the animal's eyes. Each stimulus was presented for 1 s starting with a 1 s blank, within a fixation period of 2 s. We estimated the RF sizes and positions of the imaged neurons with small drifting gratings and bars presented at different locations.
Drifting oriented gratings were tested to examination the visual responses of imaged neurons. Small patches (0.8 in diameter) of gratings with 100% contrast square waves were presented to the center of RFs of imaged cells, with 2 spatial frequencies (4.0 and 8.0 cyc/deg) at 2 temporal frequencies (1 and 2 Hz), 6 orientations, and 2 directions (30 apart).
Two-photon imaging
After a recovery period of 10 days from the second surgery, the animals were trained to maintain eye-fixation. Two-photon imaging was performed using a Prairie Ultima IV (In Vivo) two-photon microscope (Bruker Nano, FMBU, formerly Prairie Technologies) and a Ti: Sapphire laser (Mai Tai eHP, Spectra Physics). The wavelength of the laser was set at 1000 nm. With a 16 3 objective (0.8-N.A., Nikon), an area of 850mm 3 850mm was imaged. A standard slow galvo scan was used to obtain static images of cells with high resolution (1024 3 1024). The fast resonant scan (up to 32 frames per second) was used to obtain images of neuron activity (8 fps by averaging each 4 frames).
Simultaneous electrophysiology studies under two-photon imaging
To perform electrode recording (in monkey A and C), a glass-clip (glass coverslip) with micro-pores (100 mm in diameter at 45 , see Figure S4 ) was used as optical window. A variety of electrophysiology studies could be performed with micro electrodes through the pores.
To relate the GCaMP5 calcium indicator signal with neuronal spiking activity, we performed electrophysiological recording under two-photon imaging. The sharp electrodes were pulled from Quartz tubes (QF100-60-7.5, Sutter Instrument, USA) using a laser puller (P-2000, Sutter) . After they were filled with a solution of 2M potassium acetate containing 20 mM Alexa 594 (Invitrogen, USA), these electrodes had resistances near 200 MU (150 -300 MU). The electrodes were pushed into the cortex with a manipulator (modified US-3F, Narishige, Japan). Intracellular membrane potentials were recorded using a Multiclamp 700B amplifier (Axon, USA) in currentclamp mode. After intracellular penetration, which was indicated by a drop of $65 mV to resting membrane potential, a series of current pulses (500 ms, 200 -1200 pA at > 2 s intervals) was injected into the cells to induce action potentials. The calcium signal was simultaneously monitored with the two-photon microscope. During the electrode recording, the monkey was awake but not required to perform a task to minimize movements. When recording was finished, we sealed the micro pores with silicon glue to prevent infection.
We also performed single-unit extracellular recording in another monkey (monkey A). The extracellular recording electrodes were pulled from Quartz tubes using a laser puller (P-2000, Sutter) . A solution of 1M sodium chloride with 20 mM Alexa 594 (Invitrogen, USA) was infused into electrodes. These electrodes had resistances near 2 MU. The electrodes were pushed into the cortex with a manipulator (modified US-3F, Narishige, Japan). The extracellular signal was amplified and recorded using Multiclamp 700B amplifier (Axon, USA).
In single cell electroporation experiments, we used extracellular electrodes filled with a solution contain 200 ng/mL pCMV-eGFP DNA and 20 mM Alexa 594 (Invitrogen, USA). When electrode tips touched on the target cells (judged by shadow of cell bodies), a series negative pulses of À12 V, 50 ms were applied on electrodes for an electroporation. The cells were infected after 24 hr and expressed eGFP for more than ten days.
Image data processing All data analyses were performed using customized MATLAB software (The MathWorks, Natick, MA). The images from each session were first realigned to a template image (the average image of 1000 frames in the middle of an imaging session) using a normalized cross-correlation-based translation algorithm, to correct the X-Y offset of images caused by the motion between the objective and the cortex.
We identified the cell bodies (ROIs) both from their static images and their activities observed in two photon imaging. For the latter, the differential images (average frame of the stimulus ON period subtracting that of stimulus OFF period for each stimulus condition) were first filtered using a low-pass and high-pass Gaussian filters (5 pixels and 50 pixels respectively, 2 orders) to emphasis the activity regions matching the cell body sizes. Connected subsets of pixels (> 25 pixels) with average pixel value > 3 standard deviations (std) in these differential images were identified as cell bodies based on their activities.
The ratio of fluorescence change (DF/F0) of these ROIs was calculated for each activated cell, where F0 was the activity during the 1 s period prior to each stimulus presentation, and DF = F -F0 where F was the activity in response to a stimulus presentation. Each stimulus was presented for 1 s starting with a 1 s blank, within a fixation period of 2 s. For orientation column mapping in Figure 5E , all the active cells were colored in the figure according to their preferred orientations (Ohki et al., 2005) . To compare the measured orientation tuning of V1 neurons with early extracellular recording studies ( Figure S3 ), we first fitted the orientation tuning curves with von Mises function: MðqÞ = M0 + Ae ðb cosqðqÀ4ÞÀ1Þ (1) where M0 is the baseline of responses, A is the amplitude value, b is a bandwidth parameter, and ö is the optimal orientation. We then calculated the half-bandwidths of the fitted tuning curves at 1= ffiffiffi 2 p height (Schiller et al., 1976) .
Strategy for randomization and/or stratification
The order of the visual stimuli was randomized during experiments.
Inclusion and Exclusion Criteria of any Data
No data were excluded during analysis.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistics were performed using customized MATLAB software. Percentages of orientation tuned cells were judged by using oneway ANOVA (p < 0.01) ( Figure 5 ). A spearman correlation coefficient was used to quantify to the relationships between the spike rate and the calcium signal ( Figure 6 ). Data are presented as mean ± SEM or as individual data points, as stated in the figure legends. Number of replicates can be found within the figure legends for each experiment.
DATA AND SOFTWARE AVAILABILITY
The custom MATLAB code used for the movement correction can be found in https://github.com/Tangshm/Movement-Correction/ projects/1.
ADDITIONAL RESOURCES
The genetic constructs used in this work are available via Addgene: pCMV-eGFP.
